The synthesis of new materials with novel or useful properties is one of the most important drivers in the fields of condensed matter physics and materials science. Discoveries of this kind are especially significant when they point to promising future basic research and applications. Van der Waals bonded materials comprised of lower-dimensional building blocks have been shown to exhibit emergent properties when isolated in an atomically thin form 1-8 . Here, we report the discovery of a transition metal chalcogenide in a heretofore unknown segmented linear chain form, where basic building blocks each consisting of two hafnium atoms and nine tellurium atoms (Hf 2 Te 9 ) are van der Waals bonded end-to-end. First-principle calculations based on density functional
Main
The isolation of single layers of vdW bonded sheet-like materials has launched a new era of twodimensional (2D) materials exploration, with the discovery of intriguing physical phenomena such as the fractional quantum Hall effect in graphene 1 and an indirect-to-direct bandgap transition for monolayers of the transition metal dichalcogenide MoS 2 2 . Recently, chain-like transition metal trichalcogenides (TMTs) have been examined at the one-dimensional (1D) limit inside carbon or boron nitride nanotubes, with, for example, charge-induced torsional waves appearing in single-chain NbSe 3 3 .
Here, we investigate the transition metal chalcogenide (TMC) hafnium telluride (Hf-Te). Bulk HfTe 2 is a semimetal comprised of 2D layers with vdW bonds between layers 7,9 , while bulk HfTe 3 is a metal composed of 1D trigonal prismatic chains with vdW bonds between the chains 10, 11 . Isolation of a monolayer of HfTe 2 shows flattening of the valence band 7 , while encapsulation of chains of HfTe 3 within carbon nanotubes (CNTs) results in a size-driven metal-insulator transition as the chain number passes from 4 to 3 4 . A single chain of HfTe 3 encapsulated within a CNT supports a short-wavelength trigonal antiprismatic rocking distortion that drives a significant energy gap, but the chain is otherwise structurally robust 4 .
We show here that an entirely new low-dimensional form of Hf-Te is possible. The new form consists of structurally coherent zero-dimensional "blocks", each comprised of two Hf atoms and nine Te atoms (i.e. Hf 2 Te 9 ), arranged end-to-end in a segmented linear chain, with vdW bonds linking the blocks or chain segments. The segmented chain resides inside the hollow core of a CNT, which protects the chain from oxidation and facilitates experimental characterization. First principles calculations reveal an especially rich electronic structure for the segmented chain. The bands near the chemical potential are fully spin-polarized in one direction and k-dependent giant spin splitting (GSS) of the bands occurs due to one mirror symmetry which is broken by crystal momentum k, and another mirror symmetry which is preserved for all k. Calculated Zak phases of the bands suggest externally tunable topological invariance.
Structural Characterization
Segmented chain Hf 2 Te 9 specimens are synthesized using a method similar to that as described previously for the preparation of few-chain HfTe 3 4 . Briefly, end-opened multiwall carbon nanotubes are reacted together with Hf powder and Te shot, with iodine (I 2 ) as a transport agent, in a sealed ampule at 575 °C (see Methods for details). is 1.1 nm. The chain is clearly and strikingly segmented into regularly spaced blocks, each with distinct substructure. Almost all (>95%) of the blocks imaged contain two bright spots in the center, suggestive of transition metal atoms, surrounded by a handful of dimmer spots, suggestive of chalcogen atoms.
To aid in the identification of the precise atomic structure of the blocks, we perform density functional theory (DFT) calculations. Several candidate structures of the segmented chain with various chemical formulae isolated in a vacuum region of 50 Å × 50 Å perpendicular to the chain are constructed, and the atomic positions of the candidate structures are fully relaxed by minimizing the total energy.
Using the relaxed atomic positions of the segmented chain isolated in vacuum and those of a pristine (8, 8) CNT (with inner diameter 1.1 nm), we construct the atomic structure of the segmented chain inside the good agreement between theory and experiment. We have also performed electron energy loss spectroscopy (EELS) on segmented chain samples (see Extended Data). The Te M-edges of the EELS spectra are consistent with the atomic structure shown in Fig. 1c . We note that previous studies have shown that CNTs can be filled by pure metals and pure chalcogens. We have performed control experiments and found no evidence for segmented chain structure within CNTs using only Hf, only Te, or only I 2 as feedstock.
Electronic Structure
We investigate the electronic structure of the segmented Hf 2 Te 9 chain by DFT calculations. Because of the presence of the mirror symmetry with respect to M y plane ( Fig. 1c and Extended Data Fig. 1b 
Topological Properties
We now consider the topological properties of the segmented chain. Because of the presence of timereversal symmetry and mirror symmetry with respect to M z , the Zak phase of the n-th band, n, is quantized to 0 or π (mod 2π) 16 , corresponding to a topologically trivial or nontrivial band, respectively.
The symmetry-protected topological invariance, Z 2 , can be obtained by
where the sum of the Zak phase is over the occupied bands in only one channel {u I nk } out of two timereversal channels {u s nk }, s=I, II, and P I is the partial polarization over the channel I 17, 18 . Since the sum of Zak phase over one channel is nothing but the partial polarization of the channel, the Z 2 invariance can be obtained alternatively by Z 2 = 2P I /e = Q mod 2, where Q is the end charge of the finite-length chain 18, 19 .
We find that the topological invariance Z 2 of the segmented chain can be tuned by doping as shown in Fig. 4 . As shown in Figs. 4a,b, in the neutral state Z 2 = 0 for the infinite length Hf 2 Te 9 segmented chain, meaning the chain is a trivial insulator. We construct a finite length chain (~15 nm) and calculate the end charge Q (see Extended Data); here Q = 0, confirming the topological trivialness of the undoped material 18, 19 . On the other hand, the highest occupied band is nontrivial and well separated from other bands as shown in Fig. 4b . Therefore, if the system is hole-doped (h-doped) so that the chemical potential lies between the energy levels of the highest and the second highest occupied band as illustrated in Fig. 4c-d, it becomes a topological mirror insulator, provided that the Zak phases of the bands remain unchanged and that Hamiltonian of the h-doped system may be obtained adiabatically from the neutral chain without closing the band gap. That is, the number of nontrivial occupied bands in one channel changes from even to odd, and the sum of the Zak phase of the h-doped chain in one channel differs from that of a neutral chain by π, owing to the emptying out of the nontrivial highest occupied band. Hence, upon doping, Z 2 changes from 0 to 1, meaning the segmented chain experiences a transition from a trivial insulator to a topological mirror insulator.
We verify this topological richness with an explicit calculation of Z 2 invariance for an h-doped chain as shown in Figs. 4c,d (see Extended Data as well). To simulate the hole-doped system, we subtract 2e / f.u. from the neutral system in the DFT calculation. With the subtracted number of electrons, the topological invariance is Z 2 = 1, and the end charge of the finite length chain (~15nm) is Q = 3e. Many studies for related systems have shown that the chemical potential can be readily altered by chemical doping [20] [21] [22] , electrostatic gating 6, 23, 24 , or application of pressure 25 . This suggests that the segmented chain Hf 2 Te 9 represents a versatile, highly unusual, and externally tunable topological material. We note that the Hf 2 Te 9 segmented chain is, to our knowledge, the first example of a vdW-bonded crystalline material with spatial-symmetry topological invariants 26, 27 . Our discovery thus expands the class of realized topological states of matter.
Conclusion
In conclusion, a TMC-based, vdW-bonded segmented linear chain Hf 2 Te 9 material has been synthesized within a protective CNT cage, and its structure determined via STEM analysis and 
Methods

Materials synthesis:
The synthesis procedure is similar to that previously reported for HfTe ampoule. The sealed ampoule is kept at 520 °C for 7 days, and then either quenched or gradually cooled to room temperature (over 9 days). Control syntheses are also performed, in which the precursor powders contained either only one material (i.e., only Hf, Te, or I 2 ), or any combination of two reagents (e.g., only
Hf and Te or only Hf and I 2 ). We find no evidence of a segmented chain structure within the CNTs in these control experiments. 
Materials characterization:
Calculation methods:
We use the generalized gradient approximation 28 , norm-conserving pseudopotentials 29 , and localized pseudo-atomic orbitals for the wavefunction expansion as implemented in the SIESTA code 30 . The spin-orbit interaction is considered using fully relativistic j-dependent pseudopotentials 31 in the l-dependent fully-separable nonlocal form using additional Kleinman-Bylandertype projectors 32, 33 . We use 1×1×512 Monkhorst-Pack k-point mesh and 1000 Ry real-space mesh cut-off for all of our calculations. The van der Waals interaction is evaluated using the DFT-D2 correction 34 .
Dipole corrections are included to reduce the fictitious interactions between chains generated by the periodic boundary condition in our supercell approach 35 .
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Atomic structure:
Extended Data Fig.1 shows the atomic structure of the segmented chain Hf 2 Te 9 obtained from DFT calculation. The atomic structure has mirror planes in the unit of Hf 2 Te 9 denoted as M y and M z , perpendicular to y-and z-axis, respectively. The length of a block is 7.89 Å, and blocks are separated by 3.65 Å. Each block connects to each other, forming a linear chain as shown in Extended Data Fig. 1(a) . We would like to note that single-chain transition-metal trichalcogenides (TMTs) materials prefer either trigonal prismatic or antiprismatic structures depending on the composition, similar to the way some transition-metal dichalcogenide (TMD) materials prefer the trigonal prismatic (1H) structure while others prefer the trigonal antiprismatic (1T or 1T') structure. Therefore, both of the trigonal prismatic and antiprismatic structures are included in the candidate structures. Energetically, the segmented chain prefers a trigonal prismatic structure, unlike the continuous single-chain HfTe 3 , which prefers an antiprismatic structure 4 . The total energy of the segmented chain in the prismatic form is ~0.8 eV lower total energy per Hf 2 Te 9 formula unit (f.u.) than the antiprismatic form.
Charge density:
Extended Data Fig. 2 shows the calculated charge density of the single-atomic segmented chain of Hf 2 Te 9 . The charge density between the blocks is very low and has minimum value at the middle point between the blocks, meaning that the blocks are vdW bonded, not covalently bonded. The real-space wavefunction of all the occupied states are also examined, !" , showing no occupied states between the blocks, confirming the vdW bonding of the blocks.
Topological property:
We calculate the Zak phases of the n-th bands of the channel s, to 0 or π (mod 2π), corresponding to a topologically trivial or nontrivial band, respectively. Explicitly, We
We obtain the symmetry-protected topological Z 2 invariance by (−1)
, where the sum is over the occupied bands only in channel I. That is, the Z 2 invariance is determined by the number of nontrivial occupied bands in one time-reversal channel. Specifically, odd and even numbers of nontrivial occupied bands mean Z 2. = 0 and 1, respectively. We obtain the Z 2 for the neutral case and for the holedoped case, where two electrons per formula unit are subtracted in the DFT calculation, as shown in Extended Data Fig. 3 . For the neutral case, Z 2 = 0, corresponding to a trivial insulator, while Z 2 = 1 for the h-doped case, corresponding to a topological mirror insulator. The calculated Zak phase of the highest occupied band is π. As the h-doped chain has two fewer electrons per unit cell than the neutral chain, the total Zak phase of the h-doped chain must differ from that of the neutral chain by π, owing to emptying of the highest occupied band, and provided the Hamiltonian of the h-doped system may be obtained adiabatically from the neutral system without closing the band gap.
Since the sum of the Zak phase over one channel is nothing more than the partial polarization of the channel, the Z 2 invariance can be obtained alternatively by Z 2 = 2P I /e = Q mod 2, where Q is the end charge of the finite-length chain and e is the electron charge. We make finite chains (~15 nm) for both neutral and the h-doped system. We define the end charge of a system as the net deviation of the charge of the finite chain of the blocks on both edges from the average charge of the infinite length chain in two units. Explicitly, = ! + ! − 2 , where L ( R ) is the charge of the finite chain in the block on the left (right) edge and is the charge of infinite length chain in one unit. For neutral case, Q = 0, meaning trivial insulator while Q = 3e for the h-doped case, meaning topological mirror insulator.
Hf 2 Te 9 as a molecule:
We investigate the stability of an isolated Hf 2 Te 9 molecule (one isolated block) using DFT calculation. We construct candidate structures of the isolated molecule both in vacuum and encapsulated inside CNT using the atomic positions of the segmented chain, and the atomic positions are relaxed by minimizing total energy. Extended Data Figs. 4 and 5 show the obtained relaxed atomic structure of the isolated Hf 2 Te 9 molecule in vacuum and in CNT, respectively. For both cases, the atomic structure of the molecule shows no significant change when it is isolated from the chain, except that the isosceles triangles of Te atoms on edges cant toward the center slightly more compared to the segmented chain configuration. We investigate possibilities for the molecule to change its shape to antiprismatic form, and to be separated to other small molecules and atoms. No additional possible atomic structure configurations which have lower energy than that of the structure shown in Extended Data Figs. 4 and 5 could be found.
